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Homeotic selector genes determine the identity of each segment and induce the differentiation of segment-specific organs. 
To analyze how the silk glands of the lepidopteran, Bombyx mori, develop, we cloned and identified two genes that encode 
the homeodomain and its flanking regions identical to the corresponding regions of Deformed and Sex combs reduced. 
Using in situ hybridization and immunohistochemistry, we analyzed the expression patterns of these genes during Bombyx 
embryogenesis. Bombyx Deformed is expressed in the mandibular and maxillary segments, whereas expression of Bombyx 
Sex combs reduced is first limited to the labial segment and at later stages extended to the anterior part of the prothoracic 
segment. The expression of Bombyx Sex combs reduced then disappears from the invaginating placodes of silk glands 
where expression of Bombyx fork head/SGF.1 follows. In the Nc/Nc mutant embryos, which lack the 3' end region of 
Bombyx Antennapedia, in addition to the expression in the labial segment, he Bombyx Sex combs reduced is expressed 
ectopically in the thoracic and abdominal regions, and Bombyx fork head/SGF-1 is also ectopically expressed in the T1, 
T2, and T3 segments, resulting the ectopic induction of the silk gland invaginations. These results suggest hat Bombyx 
homeobox genes such as the Bombyx Deformed and Sex combs reduced are associated with determination of the segment 
identities and Bombyx Sex combs reduced is involved in the induction of silk gland development. © 1997 Academic Press 
INTRODUCTION 
The Bombyx silk gland is assumed to be an evolutionally 
homologous organ to the DrosophiIa salivary gland because 
both structures are formed in the labial segment and share 
some similar functions (Toyama, 1909). Two kinds of as- 
sumptions were proposed for the evolution of segment di- 
versity. The first hypothesis, following Lewis (1978), as- 
sumes that the evolution of the homeotie gene family is in 
parallel with segment diversity, whereas the second hypoth- 
esis, following Akam et al. (1988), suggests that the patterns 
of gene deployment seen in early development likely repre- 
sent phylogenetically ancient roles for the gene. The discov- 
ery of the homologues of homeotic gene complex members 
in many insects as well as in vertebrates indicates that func- 
tional divergence of homeotic genes promotes the diversi- 
fication of insects and vertebrates. These states give rise to 
the following question: Is there any possibility that home- 
otic genes influence diversity of body plans? 
In Drosophila, the Deformed (Dfd) gene is expressed in 
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the mandibular and maxillary segments, whereas the Sex 
combs reduced (Scr) is expressed in the labial and protho- 
racic segments (Kuroiwa et al., 1985; Chadwick and 
McGinnis, 1987; Mahaffey and Kaufman, 1987; Mahaffey 
et aI., 1989; Martinez-Arias et ai., 1987; Regulski et aI., 
1987; Riley et al., 1987; Lemotte t al., 1989; Andrew, 1995). 
The fork head (fkh) gene is required early for proper develop- 
ment of embryonic terminals and is later redeployed in 
some internal organs including the salivary gland (Jiirgens 
and Weigel, 1988; Weigel et al., 1989). A hierarchical cas- 
cade of gene control in the development of salivary glands 
has been proposed (Panzer et al., 1992). The top of the cas- 
cade begins with Scr and some dorsal-ventral pattern for- 
mation genes. These genes are proposed to determine the 
position of invagination points and induce expressions of 
genes such as fkh and others involved in morphogenesis 
because ctopic Scr expression i  other segments leads the 
additional salivary gland formation in the anterior gnathal 
region and ectopic Fkh expression i  gnathal and more pos- 
terior regions (Panzer et al., 1992; Andrew et al., 1994). 
Recently, the Bombyx homologue of fkh gene was identified 
to encode SGF-1, which regulates transcription of the Bom- 
byx sericin-1 gene via interaction with SA site (Mach et al., 
i995). The Bombyx fkh/SGFI seems to play a role in silk 
gland development (Kokubo et al., 1996). Based on these 
backgrounds, we have addressed the question to what ex- 
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tent the gene cascade in Drosophila salivary gland develop- 
ment  is conserved in Bombyx silk gland development. 
In the present report, we describe the cloning of the Bom- 
byx homologues of the Drosophila Scr and Dfd genes and 
the expression patterns. The expression of Bombyx Scr in 
the labial segment was displaced at the point of the invagi- 
nating silk gland where the expression of Bombyx fkh/SGF- 
1 followed. In the Nc/Nc mutant  (Itikawa, 1944, 1952) 
which lacks the 3' end of Bombyx Antennapedia gene (Na- 
gata et al., 1996), the Bombyx Scr expression was extended 
ectopically into the thoracic region, causing extra invagi- 
nation placodes expressing Bombyx fkh/SGF-1. These re- 
sults suggest hat the Bombyx Scr induces the silk gland 
development. 
MATERIALS AND METHODS 
Animals. B. mori eggs of a hybrid between a Japanese strain 
(Kln-Shu) and a Chinese strain (Sho-Wa) were purchased from 
Kanebo Silk Co., Kasugai City, Japan. The Nc (no-crescent) mu- 
tant was discovered by Itikawa (1944, 1952) and supply of the 
heterozygote eggs was described (Nagata et al., 1996). Embryos 
were cultured at 25°C and larvae were raised aseptically at 27°C 
on an artificial diet from Nippon Nohsankoh (Funabashi City, 
Japan). Adults were mated, and the eggs deposited uring a 2-hr 
period were collected and allowed to develop at 25°C. We sampled 
the developing eggs at 12-hr intervals and staged them according 
to a development standard (Toyama, 1909; Takami and Kitazawa, 
1960). 
Genomic DNA cloning and sequencing. A Bombyx genomlc 
library (Ueno et aI., 1992) was screened using a putative Bombyx 
Dfd oligonucleotide and a Drosophila Antp fragment as probes. 
The putative Bombyx Dfd oligonucleotide probe corresponding to 
the homeobox region was derived from PCR products obtained with 
degenerate primers, 5'-LEKEFHF/Y-3' and 5'-KI/VWFQN-3', for 
embryonic stage 19-30 cDNA template under low stringent condi- 
tions (94°C, 1 rain; 45°C, 1 mm; 55°C, 3 min). A fragment con- 
taining a homeobox region was subcloned and sequenced with a 
T7 sequence kit (Pharmacia Biotech). 
cDNA cloning. A cDNA library was constructed in lambda 
gtl 1 using a Time Saver eDNA construction kit (Pharmacia Bio- 
tech) with RNA prepared from 3.5-day-old whole eggs by the 
method described in Northern blotting. This cDNA library was 
screened using a 3' flanking region of the homeobox labeled by 
PCR under stringent conditions. 
The sequence data reported in this paper have been submitted 
to the DDBJ/EMBL/GenBank nucleotide sequence databases with 
the Accession Nos. D83534 for Bombyx Deformed and D83533 for 
Bombyx Sex combs reduced. 
Northern blotting. Total RNA was isolated using an acid gua- 
nldium thiocyanate-phenol-chloroform method (Chomczynski 
and Sacchi, 1987). Poly(A) + RNA was collected by oligo(dT)- cellu- 
lose column chromatography. For Northern blotting, 5 #g each 
poly(A) + RNA was separated on 1.4% agarose/l.1 M formaldehyde 
gels and transferred to nylon membrane filters by a standard 
method (Ausubel et aI, 1987). Filters were hybridized with a Bom- 
byx Dfd or Bombyx Scr specific probe at 65°C in 5× SSC/5× Den- 
hardt's olution/0.1% SDS/50 mM sodium phosphate (pH 6.5)/250 
#g/ml heat-denatured salmon testes DNA. As the specific probes, 
a 0.4-kbp fragment of Bombyx Dfd (1491-1986) or a 0.3-kbp flag- 
A 
MSSFLMNGGYQPQPDPKFPPSEEYSQADYIPPGEYYQHQH 40 
LQYGYQHQYAPVQIGTSYGYGGYYHPLPQHPPVAPPPRPP 80
EPSHPSDADHGFASSHNSDGPPGLAELGLRLERHIEEAAP 120
AGRKLHALGREGSPSSELDEERLLLDSPPVEDDDSSICSD 160 
NTDRVIYPWMKKIHVAGASNGSFQPGMEPKRQRTGYTRHQ 200 
ILELEKEFHYNRYLTRRRRIEIAHTLVLSERQIKIWFQNR 240 
RMKWKKDNKLPNTKNVRRKTNPAGVTTTTAKATPKSRSNK 280 
NTNNNDKKKSNNNGRPDSIENVTDNIMNDLHCVGAQQNLS 320 
HDTAISPMSHPGSMNPGHMTPHHLHMMGLHGNLDPGMVAN 360 
LSAHGSPVSATGCGTGIPNQPVIKSDYGLTAL 392 
B 
MNDLNYNAGMSSYQFVNSLASCYGNQAPGRTGTPVEQTGH 40 
PGLPTPGADYYNPNAAASAYPNASYSPPQVGHHYPQHPYR 80 
TPASGAHMQPQTMIDYTQLHPQRLGSTASHMHQHSNPSPG 120 
ALSPNLMSTPPSQATGASCKFADSTSTTGVASPQDLSTSS 160 
GPGRTSPGFGNVGGPNPSGTNSTKLGLTTPIASPVEHKAN 200
VNQNISSPASSTSSNESNDANNSSSNNTKNSKSSANSQAN 240 
PPQIYPWMKRVHLGQSTVNANGETKRQRTSYTRYQTLELE 280 
KEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWK 320 
KEHKMASMNIVPYHMNPYGHPYQFDLHPSQFAHLSA 356 
FIG. 1. The deduced amino acid sequences of the Bombyx Dfd 
(A) and Bombyx Scr (B) are shown and numbered. The homeobox 
regions are indicated by underlining. 
ment of Bombyx Scr (1391-1716) was amplified by PCR and sub- 
cloned into pBluescript. These constructs were also used to synthe- 
size riboprobes for in situ hybridization. A Bombyx cytoplasmic 
actin oligonucleotide probe corresponding to the 5'-TCCTGTGTA- 
CAATGGAGGGACCAG-3' sequence (Mounjer and Prudhomme, 
1986) was used as a positive control. 
In situ hybridization. The method was previously described 
(Amanai et al., 1994). A Bombyx Dfd or Scr riboprobe was prepared 
using a digoxigeninqabeling kit (Boeringer Mannheim). Construc- 
tion of the template for the RNA probes is described in Northern 
blot analysis. 
Antibody preparation. Synthetic peptides encoding N- and C- 
terminal regions of both Bombyx Dfd (N-terminal, NGGYQPQPD- 
PKFPPSEEY and C-terminal, CGTGIPNQPVIKSDYGLTAL) and 
Bombyx Scr (N-terminal, CYGNQAPGRTGTPVEQTGH and C- 
terminal, NPYGHPYQFDLHPSQ) were conjugated with BSA and 
used for immunization (see Fig. 2). Young female rabbits were im- 
munized with 50-100 #g of the conjugated peptldes and boosted 
twice after 4 weeks. After the second boost, antisera were collected 
and purified by affinity chromatography on a peptide column. 
These sera were used for Western blot analysis and immunohisto- 
chemistry. Antibody for Bombyx Fkh/SGF-1 has been described 
(Kokubo et al., 1996). 
Immunohistochemlstry analysis. Whole embryos and silk 
glands were dissected out in PBS and fixed in 0.1% Triton X-100/ 
PBS/3.7% formaldehyde for 60 min. Antibody staining was per- 
formed essentially asdescribed (Patel et al., 1989) using a secondary 
antibody directly conjugated to HRP on color development using 
a DAB substrate kit (Vector Stain) or FITC. The embryos or the 
silk glands were observed with a light microscope ora fluorescence 
microscope. 
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A 
Bm MSSFLMNGGYQP . . . . . . . . . . .  QPDPKFPP  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 
Dm MSSFLMGYPHAPHHVQSPMSMGNGLDPKFPPVADDYHHYNGHYSMTASTGHMSGAVGGGA 61 
Bm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 
Dm GVGSVGGGGAGGMTGHPHSMHPADMVSDYMAHHHNPHSHSHSHTHSLPHHHSNSAISGHH 121 
Bm . . . . . . .  SEEYSQA- -DY IPPGEYYQHQHLQYGYQHQYAPVQI  . . . . . . . . . . . . . . . . .  55 
. , w w , w ww ww w 
Dm QASAGGYSSNYANATPPSHPHSHPHAHPHQSLGYYVHHAPEF ISAGAVHSDPTNGYOPAA 181 
Bm - - -GTSYGYG . . . . . . . . . . . . . . . . . .  GYYHPLPQHPPVAPPPRPPEPS- - -HPSDADH 91 
.. . . **e  w w w 
Dm NVPNTSNGGGGGGSGAVLGGGAVGGSANGYYGGYGGGYGTANGSVGSTHSQGHSPHSQMM 241 
Bm GFASSHNSDGPP . . . . .  GLAELGLRLERHIEEAAPAGRKLHALG- - -REGSPSSELD- - -  140  
Dm DLPLQCSSTEPPTNTALGLQELGLKLEKRIEEAVPAGQQLQELGMRLRCDDMGSENDDMS 301 
Bm -EERLLLDSPPVE . . . . . . .  DD- -DSS ICSD . . . .  NTD- -RV IYPWMKKIHVAGASNGSF 184  
w ,w ww w w ,w  w.  w w~ w w ~ w ~ w w w w w w ~  ww,  
Dm EEDRLMLDRSPDELGSNDNDDDLGDSDSDEDLMAETTDGERI IYP I~4KKIHVAGV~IGSY 361  
Bm QPGMEPKRQRTGYTRHQILELEKEFHYNRYLTRRRRIE IAHTLVLSERQIK IWFQNRRMK 244 
Dm QPGMEPKRQRTAYTRHQILELEKEFHYNRYLTRRRRIE IAHTLVLSERQIK IWFQNRRMK 421 
Bm WKKDNKLPNTKNVRRKTNPA-GVTTTTA-KATPKSRSNKNTNNNDKKKS . . . . . . . . . . .  291 
.w**w.e .ee ,w**  .w . . . . . • . e e 
Dm WKKDNKLPNTKNVRKKTVDANGNPTPVAKKPTKRAASKKQQQAQQQQQSQQQQTQQTQQT 481 
Bm - - -NNNGRPD- - -S IENVTDNIMNDLHCVGAQQNLSHDTAISPMSHPGSMNPGHMTPHHL 345  
Dm PVMNECIRSDSLES IGDVSSSLGNPPY IPAAPETTS-SYPGSQQHLSNNNNNGSGNNNNN 540 
Bm HMMGLHGNLDPGMVANLSAH- - -GSPVSATGCGTGIPNQPVIKSDYGLTA L 392  
DmNNNNNNSNLNNNNNNNQMGHTNLHGHLQQQQSDLMTNLQLHIKQDYDLTA L 590  
FIG. 2. Comparison of Bombyx (Bin) Dfd (A) and Scr (B) with Drosophila (Din) Dfd and Scr, respectively. The most conserved regions 
of both proteins include the N-terminus of protein, the N- and C-terminal regions of the homeodomain, and the homeodomain. The 
identical residues are shown by the asterisks. 
RESULTS 
Isolation and identification of Bombyx hornologues of 
Deformed and Sex combs reduced. A genomic library was 
screened with a putative Bornbyx Dfd probe derived from 
PCR cloning and a DrosophiIa Antp fragment. Genomic 
fragments of Bombyx Dfd and Scr covering their homeobox 
regions were obtained. Using these genomic fragments as 
probes, we screened a 3.5-day embryonic DNA library. 
Four and three phage clones, respectively, were hybridized 
to the Bombyx Dfd and Scr probes. A 2.8-kb fragment of 
Bombyx Dfd and a 3.2-kb fragment of Bombyx Scr were 
subcloned in pBlueseript and sequenced. The deduced pro- 
tein sequences ofBombyx Dfd and Scr are presented in Figs. 
1A and lB. The Bombyx Dfd encodes aputative 392 amino 
acids protein and displays 59/60 identity with Drosophila 
Dfd (Regulski et al., 1987) in the homeobox region (Fig. 2A). 
Bombyx Scr contains a putative open reading frame of 356 
amino acids that, when compared with Drosophila Scr (An- 
drew, 1995), reveals the identical homeodomain (Fig. 2B). 
Other conserved regions for both Bombyx Dfd and Scr are 
present near N-terminals of the proteins and near both N- 
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8 
Bm MNDLNYNAGMSSYQFVNSLASCY . . . . . . . . . . . . . . . . . . . . .  GNQAPGRTG-TPVEQT 39  
, w w **w**w***w**w,  , . . w . w 
Dm M-DPDCFA-MSSYQFVNSLASCYPQQMNPQQNHPGAGNSSAGGSGGGAGGSGGVVPSGGT 59  
Bm . . . .  GHPGLPTPGADYYNPNAAASAYPNASYSPPQVGHHYPQHPYRTPASGAHMQPQTMI  95  
. . .w**  w • ***  ww **  . . . . . 
Dm NGGQGSAGAATPGANDYFP-AAAAYTPNLYPNTPQ . . . . . .  AHYANQAAYGGQGNP-DMV i i i  
Bm DYTQLHPQRL . . . . .  GSTASHMHQHSNPSPGA . . . . .  LSPNLMSTPPSQATGA- -SCKFA 143 
**w**  .ww.  • w ~ ~ . . w**  . 
Din DYTQLQPQRLLLQQQQQQQQQQHAHAAAAVAAQQQQQLAQQQHPQQQQQQQQANISCKYA 171 
Bm DSTSTTG . . . . . . . . . . . . . . . . . . . . . . . . . .  VASPQDLST . . . . . . . . .  SS - -GPGRT 166 
Dm NDPVTPGGAGGGGVSGSNNNNNSANSNNNNSQSLASPQDLSTRDISPKLSPSSVVESVAR 231 
Bm SPGFGNVGGPNPSGTNSTKLGLTTP IASPVEHKANI rNQNISSPASSTSSNESNDANNSSS 226 
w w ww w , ,w  **  . * *  . 
Dm SLNKGVLGGSLAAAAAAAGLNNNHSGSRVSGGPGNVNVPMHSPGGGDSDSES . . . . .  DSG 286 
Bm NNTKNSKSSANSQANPPQIYPWMKRVHLGQSTVNANGETKRQRTSYTRYQTLELEKEFHF 286 
Dm NEAGSSQNSGNGKKNPPQIYPWMKRVHLGTSTVNANGETKRQRTSYTRYQTLELEKEFHF 346 
Bm NRYLTRRRRIE IAHALCLTERQIK IWFQNRRMKWKKEHKMASMNIVPYHMNPYGHPY-QF  345  
Dm NRYLTRRRRIE IAHALCLTERQIK IWFQNRRMKWKKEHKMASMNIVPYHMGPYGHPYHQF 406 
Bm DLHPSQFAHLSA 352 
Dm DIHPSQFAHLSA 417 
FIG. 2--Continued 
and C-terminal flanking regions of homeodomains (Fig. 2). 
Specific regions in Drosophila Dfd (Regulski et al., 1987), 
rich in His, Gly, Gin, and Asn, are not detected in Bombyx 
Dfd (Fig. 2A). "PSET" regions (Rogers et al., 1986), which 
are specifically rich in Pro, Glu, Ser, and Thr, are not in- 
cluded in Bombyx Scr (Fig. 2B). Taken together these results 
indicate that the Bombyx homologues ofDfd and Scr were 
cloned. 
Expression of Bombyx Did and Scr during embryonic 
development. Expression of the Bombyx Dfd and Scr tran- 
scripts in the embryonic stages was tested by Northern blot 
analysis using probes corresponding to the 3' flanking re- 
gions of the Bombyx Dfd and Scr homeobox to avoid cross- 
hybridization. Transcript sizes of Bombyx Dfd and Scr were 
about 2.8 and 3.6 kb, respectively (Fig. 3). The Bombyx Dfd 
transcripts were detected from 24 hr after egg deposition, 
became most abundant at 36 hr, and decreased through the 
hatching stage (Fig. 3A). Bombyx Scr transcripts were de- 
tected from 36 hr to the hatching stage and were most abun- 
dant in 4 to 8 days (Fig. 313). It is noteworthy that the starting 
point of Bombyx Dfd expression is earlier than the Bombyx 
Scr expression, implying different regulation mechanisms 
between Bombyx and Drosophila. 
To investigate further the spatial and temporal expression 
patterns of Bombyx Dfd and Scr during embryogenesis, we
performed insitu hybridization and immunohistochemistry 
(Figs. 4 and 5). Bombyx Dfd transcripts were detected in 
the ectoderm of the mandibular and maxillary segments as 
early as 24 hr after egg deposition (data not shown} and 
clearly detected at stage 19 (Fig. 4A). The demarcation of its 
gone expression, however, does not correspond to grooves of 
epidermis, which register the segments. It seems that the 
unit of Bombyx body construction develops as a paraseg- 
ment similar to that of Drosophila. After embryo retraction 
(stage 20), the Bombyx Dfd transcripts were expressed in the 
ectoderm and mesoderm of the mandibular and maxillary 
segments (Fig. 4B), and after blastokinesis ( tage 23), they 
were detected in the anterior part of subesophageal g nglion 
(Fig. 4C). Bombyx Dfd protein revealed almost the same 
expression pattern as that of the transcripts. At 48 hr after 
egg deposition, Bombyx Dfd was detected in the ectoderm 
of the mandibular and maxillary segments (Fig. 5A) and 
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A 
1 2 3 4 5 6 7 8 9 10 
- %," 
* -  2.8 kb 
ml ,.,,., .4~- C,A. 
B 
1 2 3 4 5 6 7 8 9 1 0  
3.6 kb 
FIG. 3. Northern blot analysis of polylAJ+ RNA from various stage 
embryos. Poly(A) + RNA (5 #g) was subjected to electrophoresis, 
blotted onto a nylon membrane, and hybridized with an Bombyx 
Dfd (A) or Scr (B) probe as described un er Materials and Methods• 
The membrane was reprobed with cytoplasmic actin (CA) as a con- 
trol for RNA loading• Lanes 1, 2, and 3 are eggs at0-2 hr (stage 1), 
24 hr (stage 5-6), and 36 hr (stage 7-8), respectively; lanes 4 to 8
correspond to eggs from 2 to 6 days, stages 17, 19, 20, 22, and 23, 
respectively; lanes 9 and 10 are 8 (stages 26-28) and 10 days (stages 
29-30) after egg deposition. 
its expression continued to stage 19 (Fig. 5B). At stage 20, 
Bombyx Dfd expression was detected in the ectoderm and 
mesoderm of the mandibular and maxillary segments ex- 
cept for the appendage of the mandibular segment (Fig. 5C), 
and after blastokinesis (stage 23}, in the ectoderm of the 
lateral side of gnathal, the maxillipede (Fig. 5D), and the 
anterior part of the subesophageal ganglion (Fig. 5E). 
Bombyx Scr transcripts were detected in the ectoderm of 
the labial segment as early as 48 hr after egg deposition 
(data not shown) and clearly detected at stage 19 (Fig. 4D). 
The demarcation of Bombyx Scr gene expression also does 
not correspond to segment border. After retraction stage 
(stage 20), the Bombyx Scr transcripts were detected in the 
ectoderm and mesoderm of the labial and prothoracic seg- 
ments (Fig. 4E), and after blastokinesis, they were detected 
in the ectoderm and mesoderm of the labial and prothoracic 
segments and the posterior part of the subesophageal gan- 
glion (Fig. 4F). Bombyx Scr protein also revealed the same 
expression pattern as that of Bombyx Scr transcripts. At 48 
hr after egg deposition, Bombyx Scr was detected in the 
ectoderm of the labial segment (Fig. 5F) and its expression 
continued to stage 19 (Fig. 5G). At stage 20, Bombyx Scr 
was expressed in the ectoderm and mesoderm of the labial 
and prothoracic segment (Fig. 5H), and after blastokinesls 
(stage 23), it was expressed in the ectoderm in the center of 
the gnathal region and in part of the labial and prothoracic 
segments (Fig. 5I) and the posterior part of the subesopha- 
geal ganglion (Fig. 5J). These results show that the embry- 
onic body plans of Lepidoptera nd Diptera are fundamen- 
tally similar, and therefore the difference between Bombyx 
silk gland and Drosophila salivary gland, derived from the 
same segment, cannot be explained from the expression 
patterns of Dfd and Scr homologues. 
Bombyx Scr may induce the silk gland development. 
Our worldng hypothesis that sill< gland determination is 
under the control of Bombyx Scr as in the case of the sali- 
vary gland of Drosophila. To test this hypothesis, Nc/Nc 
mutant embryos (Itikawa, 1944, 1952) offer important infor- 
mation. This mutant chromosome lacks a part of the Bom- 
byx Antennapedia (Antp) gene at its homeobox and 3' end 
regions (Nagata et al., 1996). We expected that the Bombyx 
Scr expression i  this mutant might expand to the regions 
governed by the control of normal Bombyx Antp (for the 
rationale see Discussion). Analyzing the expression pattern 
of Bombyx Scr in the Nc/Nc embryos, we found that Bom- 
byx Scr expression spread to the thoracic and abdominal 
regions (Fig. 6B), whereas it was restricted in the labial and 
prothoracic segments in the wild type (Fig. 6A). The signal 
in the labial segment of the mutant was stronger than that 
in other segments, the expression patterns in the T2 and 
T3 segments were similar to the T1 segment pattern, and 
the expression in the abdominal regions was restricted to 
the lateral side regions (Fig. 6B). Because Bombyx Scr was 
eetopically expressed in the thoracic and abdominal regions 
in this mutant, we tested whether ectopic expression f 
Bombyx Fkh/SGle-1 as a marker of silk glands is induced. 
As expected, in addition to the normal expression i  a pair 
of the invaginating silk glands in the labial segment, hree 
additional pairs of dot-like expressions in T1, T2, and T3 
segments were observed in the Nc/Nc mutant (compare Fig. 
6D with 6C). These additional dot-like expression points 
likely corresponded to ectopically induced silk glands be- 
cause of their locations in the posterior edge of each seg- 
ment, proximal to the appendages, and in pairs• These re- 
sults suggest that Bombyx Scr induces the silk gland devel- 
opment and a cascade of Bombyx Scr inducing the Bombyx 
fkh/SGF-1 expression is conserved in silk gland develop- 
ment as in the case of Drosophila salivary gland. 
To discern the relationship between Bombyx Scr and 
Bombyx fkh/SGF-1, we stained the wild-type mbryos with 
anti-Bombyx Fkh/SGF-1 and anti-Bombyx Set antibodies. 
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FIG. 4. Distribution of Bombyx Dfd and Scr transcripts detected by in situ hybridization. {A, B, and C) Embryos hybridized with Bombyx 
Dfd-specific probe at stages 19, 20, and 23. (A) Signals are seen in mandibular and maxillary segments. (B) The signals are detected in the 
ectoderm and mesoderm of maxillary and mandibular segments and the anterior parts of subesophageal ganglion {sg). (C) The transcripts are 
located in the anterior parts of subesophageal ganglion (sg). (D, E, and F) Embryos hybridized with Bombyx Scr-specific probe at stages 
corresponding toA, B, and C. (D) Signals are seen in the labial segment. (E and F) The signals are observed in the ectoderm and mesoderm of 
labial and prothoracic segments and the posterior part of subesophageal ganglion (sg).The arrow shows the silk gland. Mn, mandibular; Mx, 
maxallary; Lb, labial; sg, subesophageal ganglion. Anterior side is always to the left and dorsal side is up. All the scale bars represent 100#m. 
At the placode of the silk gland in the posterior egion of 
the labial segment, the Bombyx Fkh/SGF-1 was expressed 
(Fig. 7A), whereas the Bombyx Scr was repressed (Fig. 7B). 
The activation of Bombyx fkh/SGF-1 obviously occurred at 
the region where Bombyx Scr expression was repressed (Fig. 
7C). To know whether Bombyx Scr acts directly or indi- 
rectly on the expression of Bombyx fkh/SGF-1, we tested 
these expressions at earlier stages. Even before the Bombyx 
Copyright © 1997 by Academic Press All  rights of reproducnon m any form reserved 
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Fkh/SGF-1 expression started (Fig. 7D), Bombyx Scr in the 
posterior egion of labial appendage already disappeared 
(Figs. 7E-7G). These observations indicate that the Bombyx 
Scr gene activates the Bombyx fkh/SGF-1 indirectly. 
DISCUSSION 
Mechanism of Bombyx silk gland induction. Based on 
the observation that the ectopic expression of Bombyx Scr 
induces extra invaginating placodes accompanied with 
Bombyx Fkh/SGF-1 expression in the thoracic segments, 
we propose that Bombyx Scr has the potential to induce 
the silk gland placode. However, the Bombyx Scr function 
in activating the Bombyx Fkh/SGF-1, which is expected to 
play roles in Bombyx silk gland (Kokubo et al., 1996), may 
be indirect because the Bombyx Scr is never detected in the 
cells expressing Bombyx Fkh/SGF-1 (Fig. 7). In Drosophila, 
Scr can be detected in all primordia until the salivary gland 
cells begin to invaginate but not late when salivary gland 
morphogenesis proceeds (Andrew et al., 1994). Nonetheless, 
it is clear that Drosophila Scr determines the salivary gland 
in a cell autonomous manner (Andrew et al., 1994). Thus, 
the behavior of Bombyx Scr in silk gland development is 
slightly different from that of Drosophila Scr in salivary 
gland development. How could the Bombyx Scr induce the 
silk gland? One possible explanation is that Bombyx Scr is 
a positive signal for ininating the program of silk gland 
morphogenesis in Bombyx, but only activates Bombyx Fkh/ 
SGF-1 expression indirectly through intermediate r gula- 
tors. Another possibility is a negative mode that the repres- 
sion of Bombyx Scr is the only requirement for induction 
of silk gland and sufficient for other factors to induce silk 
gland. However, a low level of Bombyx Set was expressed 
in the whole presumptive r gion of labial appendage before 
the labial appendages were formed (Fig. 5G). If the posterior 
regions of labial appendages were determined as the pre- 
sumptxve placodes of the silk gland at such a stage, it is 
possible that a low level of Bombyx Scr may still be present 
in the presumptive placode cells and directly activate target 
genes, which act in silk gland development. To determine 
whether Bombyx Scr activates ilk gland development di- 
rectly or indirectly, further discovery of genes involved in 
silk gland development and definition of the relationship 
between these genes and Bornbyx Scr are necessary. 
To specify the location of silk gland placode, an involve- 
merit of other genes is probably required. In Drosophila 
the segment polarity genes, the dorsoventral xis-forming 
genes, and other genes like the decapentaplegic and dorsal 
negatively regulate the dorsoventral extent of the placodes 
of salivary glands (Panzer et aI., 1992). We speculate that 
the silk gland induction to such precise positions as in the 
posterior egion of the labial segment, near the center of 
ventral midline, and in pairs, is caused by an interaction 
with several genes such as segment polarity genes, dorso- 
ventral axis-forming enes, and others, as in the case of 
Drosophila. 
Why can Nc/Nc mutant induce ectopic silk gland forma- 
tion? In the present study, we showed that Nc/Nc mutant 
which lacks the 3' region of Bombyx Antp gene (Nagata et 
al., 1996) induces additional silk gland plaeode formation. 
This deletion of the 3' region of Antp gene may simply 
activate ctopic expression of Bombyx Scr gene in all places 
where Bombyx Antp was normally expressed, resulting the 
induction of silk gland placode formation accompanied 
with Bombyx fkh/SGF-i expression. In a Drosophila Antp- 
embryo, when Scr protein is expressed everywhere using an 
Scr eDNA under the control of the heat shock promoter 
(HS-SCR), ectopic gland formation is recognized only in the 
parasegments 0-2 using dCREB-A as a marker (Panzer et 
ai., 1992; Andrew et al., 1994). We cannot simply compare 
our results with these reports. In HS-SCR embryos, while 
salivary glands with markers like jalapeYlo, hfickebein, and 
dCREB-A are induced only in the parasegments 0-2, sali- 
vary glands expressing fkh gene are induced in more poste- 
rior regions, the parasegments 3-14 (Panzer et al., 1992; 
Andrew et aI., 1994). These salivary gland markers except 
the fkh gene are controlled by teashirt and Abdominal-B 
genes (Andrew et al., 1994). Whatever the regulatory rela- 
tionships between fkh and other salivary gland markers, it is 
clear that different components ofthe salivary gland genetic 
hierarchy are differentially regulated. In Drosophila, HS- 
ANT and HS-UBX block normal salivary gland formation 
in parasegment 2 (Andrew et al., 1994). In Bombyx Nc/Nc 
mutant, deletion of the Bombyx Antp gene itself may per- 
mit silk gland placode formation in the thoracic region, and 
endogenous Born byx Ubx expression may repress additional 
placodes in the abdominal region. In a Drosophila Antp- 
embryo, Scr is not expressed ectopically in all the places 
where Antp was normally expressed, but only in paraseg- 
ment 4 (Riley et al., 1987). We need more experiments o 
analyze the cause of induction of ectopie silk gland forma- 
tion in Nc/Nc mutant. 
FIG. 5. Distribution of Bombyx Did and Scr protein in embryos. (A and B) Bombyx Did expression at stages 16 and 19. Bombyx Did 
expression is seen in mandibular (Mn) and maxillary (Mx) segments. (C) Bombyx Did expression at stage 20. Signal is not expressed in
the mandibular appendages (arrows). (D) Bombyx Did expression at stage 23. Bracket indicates the signal in maxillipede (arrow) and 
ectoderm of lateral side of gnathal. (E) Bombyx Did expression i  central nervous ystem at stage 23. The signals are detected in the 
anterior portion of subesophageal g nglion (sg). (F-J) Bombyx Scr expression at stages corresponding toA to E, respectively. (I)Signal is 
seen in ectoderm inpart of labial and prothoraclc segments and center region of gnathal (bracket). Lower left view surrounded with dashed 
line is focused on gnathal region. (J) Bombyx Scr expression i  central nervous ystem. The signals are detected in the posterior portion 
of subesophageal g nglion (sg). Mn, mandibular; Mx, maxillary; Lb, labial; T1, prothoracic segment; br, brain. All except D and I are an 
overview from the dorsal side. D and I are lateral side view. Anterior end is always to the left. All the scale bars represent 100 #m. 
Copyright © 1997 by Academic Press All rights of reproduction m any form reserved. 
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G 
FIG. 7. Repression of Bombyx Scr expression precedes Bombyx Fkh/gGF-1 activation. (A-C) Embryos at stage 20. (A) Labeled with a 
rat antibody against Bombyx Fkh/SGF-1. Green signals are seen in the silk gland placodes. (B) Labeled with a rabbit antibody against 
Bombyx Scr. Red signals are seen in the labial and TI segments. (C) Double labeled with anti-Bombyx Fkh/SGF-1 (green) and anti-Bombyx 
Scr (red) antibodies. (D-G) Embryos at a slightly earlier stage than that of A-C. (D) Labeled with ann-Bombyx Fkh/SGF-1. No signal is 
seen. {E) Labeled with ann-Bombyx Scr annbody Red signals are seen in labial appendage but not in posterior region (arrows). IF) Labeled 
with Hoechst 88258. Blue signals are seen in all nuclei. (G) Double labeled with anti-Bombyx Scr and Hoechst 33258. It is clear that the 
Bornbyx Scr is not expressed in the posterior region f labial appendage All scale bars epresent 100 #m. 
What developmental mechanisms are different between 
Bombyx silk gland and Drosophila salivary gland? Differ- 
ences in organogenesis of silk glands and salivary glands 
seem to be independent of expression patterns of homeotic 
genes because the expression domains but not the t iming 
for Bombyx Dfd and Scr were similar to those in Drosoph- 
ila. The examination of homeotic gene expression i  butter- 
flies also revealed a similar embryonic body plan and no 
Copyright © I997 by Academic Press All rights ot reproduction m any form reserved 
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effect on the differences of wing and abdominal appendage 
number against fruit flies (Warren et aI., 1994). Thus, the 
homeotic gene cannot be the cause of the changes in the 
number, size, and pattern of homologue organ structure. 
Not only the expression pattern of homeotic genes but 
also the regulation of terminal genes may be partly con- 
served between the Bombyx silk gland and Drosophila sali- 
vary gland. On introduction of the Bombyx silk gene P25 
into Drosophila eggs, the silk gene is expressed in the duct 
part of the salivary gland of transformed Drosophila larvae 
(Bello and Couble, 1990). We have already proposed that 
Bombyx Fkh/SGF-1 regulates the sericin-1 gene transcrip- 
tion through an interaction with the SA region in the middle 
silk glands and the fibroin gene transcription through inter- 
actions with both the upstream FA and FB regions and the 
intron regions in the posterior silk glands {Matsuno et aI., 
1989; Hui et al., 1990; Takiya et al., 1990; Mach et al., 
1995). We are also proposing that one of the putative termi- 
nal targets of the Drosophila fkh gene is the Sgs-3 gene 
encoding a glue protein (Mach et al., 1996). 
Although the developmental processes of embryonic silk 
gland may be conserved with those of Drosophila salivary 
gland, considerable differences are present in morphologies 
and terminal gene expressions. In the Drosophila, the cells 
of placodes differentiate into both the salivary gland cells 
proper and the gland's duct. Subsequently, the ducts unite 
to form a common duct opening into the floor of pharynx. 
The glue proteins are mainly secreted. In the Bombyx, how- 
ever, the cells of placodes grow and differentiate into ante- 
rior, middle, and posterior silk gland ceils, and at the most 
anterior egion of anterior silk gland the ducts are combined 
into a common tube opening in the spinneret from which 
are spun out the silk proteins. One factor that causes uch 
differences could be the Bombyx Amp gene. Bombyx Antp 
transcription is clearly detected in the middle silk glands 
of wild-type and Nc/+ heterozygote, and the silk glands of 
the heterozygote normally develop (Nagata et al., 1996). 
However, the defect of Anti) function in the Nc/Nc embryos 
causes additional placodes in the thoracic segments as well 
as the placodes in the labial segment but all these placodes 
do not develop to silk glands (the present paper and Nagata 
et al., 1996). We speculate that the Bombyx Antp is one of 
the important factors for the development ofembryonic silk 
glands. 
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